We apply a simple model, tested on local ULIRGs, to disentangle the active galactic nucleus (AGN) and starburst contributions in submillimiter and 24 µm-selected ULIRGs observed with the Spitzer-IRS spectrometer. We quantitatively estimate the average AGN contribution to the stacked 6−8 µm rest-frame spectra of these sources in different luminosity and redshift ranges, and, under the assumption of similar infraredto-bolometric ratios as in local ULIRGs, the relative AGN/starburst contributions to the total infrared luminosity. Though the starburst component is always dominant in submillimeter-selected ULIRGs, we find a significant increase of the AGN contribution at redshift z > 2.3 with respect to lower z objects. Finally, we quantitatively confirm that the mid-infrared emission of 24 µm-selected ULIRGs is dominated by the AGN component, but the starburst component contributes significantly to the bolometric luminosity.
INTRODUCTION
Infrared number counts and the cosmic infrared background provide strong evidence that Ultraluminous Infrared Galaxies (ULIRGs; e.g., Soifer et al. 1984; Sanders & Mirabel 1996; Blain et al. 2002; Lonsdale et al. 2006) , i.e. sources with a total infrared luminosity, L8−1000µm, greater than 10 12 L⊙, are a key component of the high redshift Universe (e.g., Dole et al. 2001; Lagache et al. 2005; Le Floc'h et al. 2005) . ULIRGs at high redshift have been discovered using different selections, leading to distinct populations. In particular, observations performed with the Submillimeter Common User Bolometer Array (SCUBA; Holland et al. 1999) on the James Clerk Maxwell Telescope (JCMT; e.g., Smail et al. 1997 ) discovered a new population of submillimeter galaxies (SMGs), distributed at z = 1 − 3 (median redshift is 2.3) (e.g., Chapman et al. 2005) , and with estimated total infrared luminosity in the ULIRG range. We refer to these galaxies as submm-ULIRGs.
Another population of high-z infrared luminous galaxies has been discovered through 24 µm selection. For example, Houck et al. (2005) and Brand et al. (2007) have surveyed the Boötes field of the NOAO Deep Wide-Field Survey (NDWFS; Jannuzi & Dey 1999) with the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004 ) at 24 µm. Also, Yan et al. (2005) have reported the initial results ⋆ E-mail: watabe@arcetri.astro.it from a Spitzer GO-1 program to obtain low-resolution, midinfrared spectra in the Spitzer First Look Survey (FLS). These 24 µm-selected ULIRGs (hereafter, 24 µm-ULIRGs) have also redshifts in the range z = 1 − 3 (Houck et al. 2005; Yan et al. 2005; Brand et al. 2007) .
The properties of these high-z galaxies suggest that they are likely associated with an early phase in the formation of massive galaxies, supermassive black holes, and active galactic nuclei (AGNs). Therefore, making clear the origin of their energy sources for different redshift ranges is very important to understand the star formation history and the AGN activity in the high-z Universe. In this context, a key point to be investigated is the relative AGN/starburst contribution to the bolometric luminosity of these galaxies. Here we present a quantitative estimate of the AGN content in submillimiter and 24 µm-ULIRGs, based on a deconvolution method recently developed by our group for local ULIRGs (Nardini et al. 2008, hereafter N08) by means of SpitzerInfrared Spectrograph (IRS; Houck et al. 2004 ) 5 − 8 µm spectroscopy. Throughout this paper we use a standard cosmology with H0 = 73kms −1 Mpc −1 , ΩM = 0.3 and ΩΛ = 0.7.
SAMPLE DATA AND DATA REDUCTION
Our sample consists of all the submm-and 24 µm-selected sources with known redshift, and with an available Spitzer-IRS observation. The submm sample was obtained by combining the SCUBA detected sources from Figure 1 . 6 − 8 µm rest-frame composite spectra of submm-ULIRGs and 24 µm-ULIRGs, with their best fit models. The flux density, Fν are normalized at 6.5 µm. Left: Composite spectra for all submm-ULIRGs (solid blue line) and 24 µm-ULIRGs (dashed red line). Middle and right: Composite spectrum of the submm-ULIRGs and 24 µm-ULIRGs, respectively, with the best fit model (dotted line) and the AGN (dashed dotted line) and starburst (dashed line) components. α 6 and α bol are the intrinsic AGN contribution to the 6 µm flux density (in percent) and the AGN contribution to the total infrared luminosity (in percent), respectively. τ 6 is the optical depth to the AGN at 6 µm. Chapman et al. (2005) (submm bright, pre-selected in radio) and Valiante et al. (2007) (without radio pre-selection). These two subsamples are different in several respects (lensing properties, submm flux range, redshift distribution). However, their selection criteria are not expected to introduce any bias in their AGN content (we discuss possible effects in §4). The 24 µm sources are also selected in different ways through their 24 µm flux and different optical/infrared colors (e.g. 24/8 µm , 24 µm/R). It is well known that these criteria are strongly biased toward sources whose mid-IR emission is dominated by the AGN component. Redshift, bolometric luminosities as well as other relevant data for all the sources are presented in Table 1 . The bolometric luminosities listed in Table 1 can therefore be high (about 50% for submm sources, and a factor of three for 24 µm sources, since the mid-IR to bolometric correction is strongly dependent on the AGN/SB relative contribution). Data reduction has been performed with the SPICE 1.4.1 package, using the pipeline version S15.3, provided by the Spitzer Science Center. The coadded images have been background-subtracted by means of the two observations in the nodding cycle. The calibrated one-dimensional spectra for the positive and the negative beams were extracted using the "optimal" extraction mode in SPICE, and the two one-dimensional spectra averaged in order to obtain the final spectrum. Since we are interested in the average properties of the two populations, and the spectral quality is low, we stacked the spectra of the single sources, after shifting and re-sampling each spectrum to the rest-frame wavelengths and bin sizes. We also had a quick look at each single spectrum, in order to check that the stacked data are not dominated by individual objects with high S/N.
AGN AND STARBURST DECOMPOSITION MODEL
In order to separate the AGN and the starburst components for submm-ULIRGs and 24 µm-ULIRGs, we use the spectral decomposition model for local ULIRGs of N08. The model is based on the following main points: 1) in ULIRGs, the ratio between the 3 − 8 µm emission and the bolometric flux is 30 − 100 times higher for AGNs than for starbursts. The contrast rapidly decreases with increasing wavelength.
2) The starburst spectrum in this wavelength range shows little variation from source to source, and a template obtained by averaging the highest signal-to-noise pure starburst spectra fits well all the known starburst-dominated ULIRGs.
3) The AGN component can be represented with a power law f AGN ν ∝ λ 0.7 (Netzer et al. 2007) , and an exponential attenuation exp(−τ (λ)), where the optical depth follows the conventional law τ (λ) ∝ λ −1.75 (Draine 1989) . In this assumption, the total flux density is written as follows,
where ηSB and ηAGN are the flux density amplitudes of the starburst and AGN templates f SB ν and f AGN ν normalized at 6 µm, respectively. We can estimate the only two free parameters (the ratio of ηSB to ηAGN and τ6, which is the 6 µm optical depth to the AGN) by fitting the spectrum. From these, we can get the intrinsic AGN contribution to the 6 µm flux density, α6 = ηAGN/(ηAGN + ηSB). In addition, we can also estimate the AGN contribution to the total infrared luminosity (this roughly corresponds to the bolometric luminosity, L bol , for ULIRGs), α bol = ηAGN/(ηAGN + KηSB), where K = R AGN /R SB , and R AGN and R SB are the ratios of the intrinsic flux at 6 µm to the total infrared flux of AGN and starbursts, respectively; in local ULIRGs, log R AGN = −0.36
−0.02 , yielding K ∼ 35 (Nardini et al. in prep.) . The model has been successfully applied to a sample of local ULIRGs, obtaining two important results: 1) despite the complexity of the spectra, all the sources were successfully fitted, showing that the relative AGN/starburst contribution and the extinction of the AGN component are responsible for most of the observed variety; 2) the expected AGN/starburst contributions to the bolometric luminosity reproduce closely the total observed luminosity. This is an important test for our model: the bolometric contributions are obtained from the 6 µm spectral decomposition only (and from the average bolometric ratios, which have a fixed value for all objects), therefore the comparison between the predicted and observed total luminosities is an independent check of the results.
Here we apply the same model to high-redshift sources. In doing so, we assume that a) the intrinsic SED, and b) the bolometric ratios, are the same at low and high redshift. We discuss the implications and the limits of these assumptions in §4.
RESULTS: AGN/SB DECONVOLUTION AND REDSHIFT DEPENDENCE OF AGN ACTIVITY
The stacked spectra for the two samples of submm-and 24 µm-selected galaxies are shown in Fig. 1 , together with our deconvolution in the AGN and starburst components.
The main results are the following.
• With only two free parameters, the deconvolution model reproduces the observed average spectral emission of high redshift sources in the 6-8 µm range, similarly to what happens for the low z ULIRGs analized in N08. We note that the simple fit we applied is strongly based on the assumption of little dispersion of the AGN and the starburst emission with respect to our templates. Therefore, it is not possible to extend the method to longer wavelengths (considering the redshift of our sources, we have a good spectral coverage up to ∼ 12 µm) due to the presence of extra features (mainly the silicate absorption) which are well known to have quite different strengths from source to source.
• We quantitatively estimate the intrinsic AGN contributions in submm-ULIRGs to the 6 µm and bolometric luminosities: α6 = 72.2 +5.8 −7.1 %, α bol = 6.9
+2.3 −1.9 , where the errors refer only to the formal statistical uncertainties in the fits.
• For the 24 µm-ULIRGs we find α6 = 94.4 +0.8 −1.0 % and α bol = 32.5 +3.9 −3.6 %. It has already been suggested in previous studies (e.g., Sajina et al. 2007) , and confirmed from the AGN and starburst 5 − 8 µm to bolometric ratios (N08), that 24 µm-ULIRGs are dominated by the AGN component. The new result presented here is that the starburst component is nevertheless present, and dominates the total bolometric luminosity.
The above results rely on a series of assumptions which need to be tested, in order to assess the reliability of our method. In particular, as mentioned in §3, our choice of the 5 − 8 µm rest-frame spectral interval is motivated by (1) the constancy of the AGN and starburst spectra, and (2) the high AGN/SB flux ratio in this band. These two properties are well measured for low-redshift sources, and the strongest assumption of our work is that they are both valid at higher redshifts and luminosities. Moreover, the possible intrinsic scatter in AGN and SB templates introduces additional uncertainties on top of the statistical errors in α6 and α bol . A further uncertainty has to be added to the estimate of α bol due to the possible intrinsic scatter in the AGN and the SB bolometric ratios. Following N08, it is possible to test the method and give a realistic estimate of the uncertainties by comparing the measured values of α6 with the intrinsic 6 µm/bolometric ratio R = L(6 µm)/L bol . This new quantity has two interesting properties: 1) it depends only mildly from our spectral modeling (only through the AGN absorption τ6) and never uses our assumptions on the bolometric ratios; 2) it is strongly sensitive to the AGN content, being (at low redshift) ∼ 35 times higher in AGNs than in starbursts.
We plot R versus α6 in Fig. 2 . The most relevant results are: (1) the two quantities are correlated as expected, i.e. the sources with the highest α6 also have the highest 6 µm/bolometric ratio; (2) the continuous line in Fig. 2 represents the best-fit correlation obtained by N08 for local ULIRGs, and the overall good match between the curve and our points suggests that there are no strong differences in bolometric ratios between low-and high-redshift sources. The dispersion of the single points from the relation is of the order of a factor ∼2, while the values for the composite spectra have a dispersion of ∼10-20%. We consider these as the best estimates of the errors involved in our analysis, and a confirmation of the validity of our approach. Table 2 . Intrinsic AGN contribution to the 6 µm flux density, α 6 , and to the total infrared luminosity, α bol in each group of submm and 24 µm sources discussed in the text. See Fig. 4 for the definition of Reg. 1-4. In order to further investigate the issue of the AGN/SB content of high redshift galaxies, we analyzed the composite spectra obtained from different redshift and infrared luminosity intervals.
In Fig. 3 , we show the composite spectra for the submm sources at z < 2.3 and z > 2.3, respectively (z = 2.3, is the submm-ULIRG median redshift of Chapman et al. (2005) , and roughly divides our sample in two subsamples of similar size). It is apparent from Fig. 3 that the polycyclic aromatic hydrocarbon (PAH) emission features of lower-z (z<2.3) submm-ULIRGs are stronger than those of higher-z (z>2.3) galaxies. The AGN contribution is not needed in the fit of the low-z sample, while (α6[%], α bol [%]) = (87.2 +2.6 −3.2 , 16.3 +3.7 −3.2 ) for the high-z sample. This correlation needs to be checked for several selection/physical effects which could affect its significance and interpretation. In particular, we considered possible effects due to (1) selection, (2) K-correction , and (3) luminosity: 1) Selection effects. The submm galaxies in our sample are obtained from Chapman et al. (2005) and Valiante et al. (2007) . The different selection criteria, based on radio preselection, lensing properties and submm flux are not expected to be relevant for our results. However, we note that almost all the Valiante et al. (2007) objects have z>2.3 (Table 1), while those of Chapman et al. (2005) span the whole redshift range. In order to check whether the redshift effects in Fig. 3 are related to the properties of the two different samples, we repeated our analysis for the Chapman et al. (2005) sample only, obtaining results perfectly compatible with those in Fig. 3 . In other words, no significant difference is found between the Valiante et al. (2007) and Chapman et al. (2005) objects at z>2.3.
2) K-correction effects. The SCUBA 850 µm selection does not seem to introduce any particular bias in favor of one of the two classes of sources: moving from redshift z = 1.8 to z = 2.7 (the median redshifts for the two subsamples of submm-ULIRGs), the observed central wavelength changes from λ = 300 µm to λ = 230 µm. Indeed, we checked that there is no difference between the AGN and starburst bolometric ratios at these two wavelengths by using the SEDs of the ULIRGs classified as AGNs and starburst, respectively (Yang et al. 2007 ).
3) Luminosity effects. Since the AGN fraction in local ULIRGs increases with increasing infrared luminosity (Veilleux et al. 1997; Kim et al. 1998) , our results may imply that the real physical trend is with luminosity, which is obviously partially degenerate with redshift. In order to check for this possibility, we analyze separately the luminosity and redshift dependence. In Fig. 4 we show the luminosity-redshift plot of our sample. Analyzing the population of the four highlighted regions, we note that we can disentangle the luminosity and redshift effects by building composite spectra for submm-ULIRGs in regions 1 (L > 10 13 L⊙, z > 2.3), 3 (L = 0.4 − 1 × 10 13 L⊙, z < 2.3) and 4 (L = 0.4 − 1 × 10 13 L⊙, z > 2.3). The results of the fits of these templates are presented in Table 2 . Objects in regions 1 and 4 are in the same redshift interval but have quite different luminosities, while sources in regions 3 and 4 have similar luminosities but different redshifts.
The spectra and the results are shown in Fig. 5 . For submm-ULIRGs, the redshift dependence is confirmed by the comparison between the average spectra from the same luminosity range, while no strong luminosity dependence is found by comparing the composite spectra at z > 2.3. The increase of the AGN fraction with the redshift, and its constancy with the luminosity are also indicated by the average 6 µm/bolometric ratios, plotted in Fig. 2 as a function of the average AGN contributions.
We have repeated the analysis the L − z plane also for the 24 µm sources, building compositte spectra for Reg. 1, 2 and 3. The fit results presented in Table 2 indicate that no luminosity or redshift effect can be significantly detected.
CONCLUSIONS
We quantitatively estimated the relative AGN and starburst contributions in two samples of submilliter-and 24 µm-selected galaxies in the redshift range z = 1 − 3 by applying a deconvolution model based on AGN and starburst templates, already tested on low-redshift sources to the the stacked 6 − 8 µm spectra. We showed that the method gives consistent results on high redshift sources, suggesting that both the average 6 − 8 µm spectra and the 6 µm/bolometric ratios are similar in local and high redshift ULIRGs. Overall, we find that the starburst component is dominant in submmULIRGs both at 6 µm and bolometrically. We find evidence of a higher AGN contribution in higher redshift (z > 2.3) submm-ULIRGs with respect to lower redshift (1 < z < 2.3) objects. The AGN component always dominates the midinfrared emission in 24 µm-ULIRGs, as already known from previous work. However, the starburst contribution to the total luminosity is of the same order, or slightly higher, than that of the AGN even in the 24 µm-ULIRGs.
